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The geometries and electronic structures of a thiol-terminated molecular diode interacting with
group-11 metal clusters ~Cu, Ag, Au! have been investigated using density functional theory with a
hybrid exchange-correlation energy functional. The charge transfer and bonding nature at the
metal-molecule interface are illustrated from natural bond orbital analysis. The metal-sulfur bonds
are found to be directional, and the charge transfer is localized along the bond. The extent of charge
transfer to the terminal sulfur is higher for bonding with Cu and Ag ~;0.40! than with Au ~;0.17!.
The electronic conduction across the molecular diode has been analyzed from the change in the
electronic structure and the shape of the molecular orbitals of the free molecule and metal-molecule
complexes. The results suggest that while the inclusion of Au scarcely affects the unoccupied
molecular orbitals, the effect is more pronounced in the cases of Cu and Ag. The threshold energy
for conduction estimated for these metal-molecule complexes indicates a higher required bias
voltage for Au than for Cu and Ag. © 2002 American Institute of Physics.
@DOI: 10.1063/1.1509053#I. INTRODUCTION
Recent progress in the field of molecular electronics has
shown the immense potential of single molecules to perform
the functions of common solid-state electronic devices.1–5
Investigations of the fundamental processes including metal-
molecule interactions are of importance for establishing elec-
trical contacts between molecules and electrodes. In order to
measure the electrical properties of molecular devices, the
molecules randomly arranged in solution are self-assembled
on a metal surface to form organized molecular monolayers
on suitable substrates. The process is initiated by dipping a
gold surface ~in the form of a plate! into a beaker containing
a solution of the molecular devices, and the devices sponta-
neously attach themselves to the gold surface in a regular
pattern without outside intervention.
Among devices, the simplest electronic component is
the wire. Measurements of electrical conductivity for a
few molecular wires have already been performed
experimentally.6–10 Construction of a molecular wire re-
quires the conjugated electronic structure of an elongated
molecule through which electrons can flow easily from one
end to the other. In other words, a conjugated system pro-
vides a path where electron clouds overlap between molecu-
lar components so that electrons can hop from one to an-
other. It has been assumed that the incoming electrons move
through an unoccupied orbital that is dispersed throughout
the molecule.
Chen et al.11 have shown through experiment that a
single molecule can behave as a resonant tunneling diode or
a device with negative differential molecular impedance. The7660021-9606/2002/117(16)/7669/7/$19.00
Downloaded 15 Apr 2010 to 130.34.135.83. Redistribution subject toresonance effect for electron tunneling has been observed at
a 2.1-V bias voltage with a peak current of 1 nA. The mol-
ecule consists of three benzene rings connected to each other
by an acetylene group @Fig. 1~a!#. The middle ring is substi-
tuted by NO2 and NH2 groups at the 1,4 positions. After this
substitution the long conjugated ring becomes asymmetric,
which makes the molecule susceptible to change under per-
turbation of an external field. In a previous report Seminario
et al.12 calculated the electronic structure of this molecule.
However, metal interactions were not taken into account in
this calculation. As was mentioned earlier, in practice the
organic molecules are adsorbed on metal surfaces to perform
the electrical measurements. Therefore, it would be interest-
ing to see the effect of the metals on the electronic structures
of this molecular diode.
In the present work we have performed electronic struc-
ture calculations for the abovementioned molecular diode
connected with group 11 metal clusters (Cun , Agn , and
Aun). We have used one and three metal atoms as model
systems to study the interactions between the molecule and
metal atoms. The metal clusters used in this calculation are
connected at either one end or both ends of the sulfur-
terminated molecule. The charge transfer across the metal-
molecule interfaces and the bonding nature of the metal-
thiolate bonds are illustrated using natural bond orbital
analysis. The effect of a metal-cluster interaction with the
molecule is gauged from the change in its electronic struc-
ture for the free and metal-molecule complexes. Finally, we
have tried to understand the electron conduction through this
molecule from observation of pertinent molecular orbitals.9 © 2002 American Institute of Physics
 AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
7670 J. Chem. Phys., Vol. 117, No. 16, 22 October 2002 Majumder et al.FIG. 1. ~Color! ~a! Structure of the
free molecular diode discussed in this
work. ~b! Diode terminated by a single
metal atom at one or both ends. ~c!
Diode terminated by a three-atom
metal cluster at one or both ends.II. COMPUTATIONAL DETAILS
All of the calculations described in this work were per-
formed with the GAUSSIAN 98 software package.13 The ge-
ometries of the systems were optimized under density func-
tional theory using the hybrid B3PW91 exchange-correlation
functional.14–16 Dunning’s full double-zeta basis set17 was
used for the lighter elements and the Los Alamos National
Laboratory effective core potentials with a double-zeta va-
lence ~LanL2DZ! were used for sulfur and the metal atoms.18
Previously, this method has predicted the interactions ofDownloaded 15 Apr 2010 to 130.34.135.83. Redistribution subject tometal-molecule systems efficiently.19 Relativistic effects
were included in the effective core potentials of Ag and Au.
III. RESULTS
A. Electronic structure of the free molecular diode
The optimized structure of the molecular diode has a
planar geometry as the ground-state configuration. The angle
between the terminal H, S, and ring C atoms is 97°. The
typical geometrical parameters and the bond lengths are AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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~HOMO! and lowest unoccupied molecular orbital ~LUMO!
energy levels for this molecule are 25.89 and 22.83 eV,
respectively, resulting in a gap of 3.06 eV. Use of the larger
6-31111G(d ,p) basis set results in a gap of 3.22 eV in
good agreement with that cited by Seminario et al.12 For all
further calculations we will compare the results obtained
with the Dunning-LanL2DZ basis sets, as the all-electron
method is computationally expensive to apply for heavier
elements like Au.
B. Geometry and energetics of single metal atoms
with the molecular diode
In experiment, the molecular wires are self-assembled on
a metal surface, quite often an Au surface. Therefore, it is of
interest to examine the interactions of the metal atoms with
the sulfur-terminated conjugated molecular wires. Although
many calculations have already been reported to account for
the metal-molecule interactions using Au as the metal of
choice, few are available using other group-11 metals like Cu
and Ag. In particular, we are interested to see how the elec-
tronic structure of a conjugated wire is affected in the pres-
ence of metal atoms. To correctly mimic the experimental
situations we should have used metal surfaces instead of a
small metal atom or clusters.20 However, it has been pre-
dicted from scanning tunneling microscope ~STM!
TABLE II. Calculated HOMO and LUMO levels, HLG’s ~HOMO-LUMO
gaps!, bond lengths, and bond angles for the molecular diode connected at
the top site of the three atom cluster at one or both ends. The letter W in the
molecule names indicates the molecular diode.
HOMO
~eV!
LUMO
~eV!
HLG
~eV!
dS-M
~Å! ,C-S-M
dM -M
~Å!
Cu3SWSH 25.28 23.17 2.10 2.23 102.36° 232.42,
2.32
Cu3SWSCu3 25.14 23.20 1.93 2.23 102.36° 232.42,
2.32
Ag3SWSH 25.23 23.53 1.69 2.44 104.42° 232.75,
2.65
Ag3SWSAg3 24.98 23.46 1.51 2.44 104.42° 232.75,
2.65
Au3SWSH 25.70 24.35 1.34 2.37 104.94° 232.72,
2.64
Au3SWSAu3 25.60 24.38 1.22 2.37 104.94° 232.72,
2.64
TABLE I. Calculated HOMO and LUMO levels, HLG’s ~HOMO-LUMO
gaps!, bond lengths, and bond angles for the molecular diode connected with
single metal atoms at one or both ends. The letter W in the molecule names
indicates the molecular diode.
HOMO
~eV!
LUMO
~eV!
HLG
~eV!
dS-M
~Å! ,C-S-M
HSWSH 25.89 22.83 3.06 — 96.00°
CuSWSH 25.81 22.97 2.84 2.20 100.59°
CuSWSCu 25.70 22.95 2.75 2.20 100.59°
AgSWSH 25.79 23.23 2.56 2.43 102.08°
AgSWSAg 25.67 23.22 2.43 2.43 102.08°
AuSWSH 26.00 23.73 2.27 2.37 102.26°
AuSWSAu 25.98 23.77 2.21 2.37 102.26°Downloaded 15 Apr 2010 to 130.34.135.83. Redistribution subject tomeasurements21 that the contact between the metal electrode
and molecule is atomically terminated. Also, from theoretical
calculations it has been observed that the Au-S bonds at the
interface are strongly localized.22 Therefore, we believe that
these calculations can illustrate the influence of the metal
atom on the electronic structures of the conjugated molecular
systems reasonably well.
Figure 1~b! shows the optimized geometries of single
metal atoms ~Cu, Ag, and Au! bonded with the molecular
diode. While the terminal H atoms are in the molecular plane
@Fig. 1~a!#, the metal atoms are in a perpendicular orientation
with respect to the molecule. The M -S-C angle is ;102° as
compared to 96° for the H-S-C angle. Similar interfacial ge-
ometries were also found for the interactions of thiolates on
Au surfaces.23 The distances between Cu, Ag, and Au and the
S atom are 2.20, 2.43, and 2.37 Å, respectively. From the
available reports we can only compare the Au-S bond length,
which is in good agreement with those reported using the
coherent potential Car-Parrinello molecular dynamics
~CPMD! and Gaussian methods.24 For the metal-molecule
complexes where both sides of the molecule are attached
with metal atoms the geometry of the interface region re-
mains similar. Table I summarizes the geometries and ener-
getics of these complexes. It should be mentioned that we
have restricted the comparison of geometries to the interfa-
cial region, as the geometries for other atoms of the phenyl
rings are barely affected. We have compared the bond length
between the terminal sulfur and the nearest carbon atom in
the phenyl ring, where in all cases the bond length was found
to be 1.83 Å.
The energy gaps for the free molecular diode decrease
when an additional metal atom is added. This is due to the
localization of the LUMO energy level on the metal atoms.
TABLE III. Calculated HOMO and LUMO levels, HLG’s, bond lengths,
and bond angles for the M nSH clusters (M5Cu, Ag, and Au; n51, 3!.
HOMO
~eV!
LUMO
~eV!
HLG
~eV!
dM -S
~Å! ,M -S-H
dM -M
~Å!
CuSH 26.06 22.72 3.34 2.19 95.90°
AgSH 26.03 22.99 3.04 2.41 94.95°
AuSH 26.74 23.75 2.99 2.36 94.94°
Cu3SH 25.37 23.15 2.21 2.23 96.94° 232.43,
2.30
Ag3SH 25.44 23.29 2.14 2.43 95.89° 232.76,
2.65
Au3SH 26.33 24.32 2.01 2.37 95.60° 232.71,
2.63
TABLE IV. Atomic charge distribution from NBO population analysis. M1 is
the metal atom bonded to the S atom, and M2 and M3 are the other two
metal atoms in the three-atom cluster.
M1 M2 M3 S
HSWSH 0.13 0.05
CuSWSH 0.55 20.39
AgSWSH 0.52 20.36
AuSWSH 0.26 20.17
Cu3SWSH 0.34 0.13 0.17 20.41
Ag3SWSH 0.33 0.12 0.17 20.39
Au3SWSH 0.19 0.06 0.11 20.22 AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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of the molecule; however, the opposite is true for Ag and Cu.
The result of Au atom addition is consistent with an earlier
calculation.25 The energy spectra of the Cu, Ag, and Au at-
oms show that the energies of the 4s , 5s , and 6s orbitals are
25.17, 25.16, and 26.74 eV, respectively, and the energy of
the HOMO level of the free molecule is 25.89 eV. There-
fore, it is reasonable that the addition of Au atoms will lower
the HOMO energy level of the metal-molecule complex and
Cu and Ag will show opposite nature.
C. Geometry and energetics of the metal cluster M3
with the molecular diode
In this section we discuss the geometries and energetics
of the molecular diode connected with three metal atoms at
one or both ends. We know that for a three-atom metal clus-
ter, a triangular shape is more favorable than a linear chain.
Also the threshold for conduction is lower when the terminal
S is attached directly to just one Au atom rather than to two
or more.26 We have optimized the geometries of the Au3
cluster with the molecular diode for the top, bridge, and hol-
low positions. The results show that the hollow position is
unstable and the top position is energetically more favorable
then the bridge by 0.14 eV ~3.22 kcal/mol!. Therefore, in the
proceeding calculations we have chosen the top site to be
connected with the terminal S head group.
The ground-state geometries of the molecular diode with
three metal atoms are shown in Fig. 1~c!. From the geom-
etries it is clear that unlike the terminal H atoms, the metal
clusters prefer to be out of the molecular plane. The angle
/C-S-Au is 105°, similar to that observed for benzene.26
Table II summarizes the geometries and energetics of these
metal-molecule complexes. It is interesting to note that the
interatomic distances between the metal atom and sulfur re-
main unaffected for bonding with a single- or three-metal
TABLE V. Orbital character of the metal-S bonds.
% s character % p character % d character
M S M S M S
H-S 100.00 13.50 0.00 86.50 0.00 0.00
Cu-S 95.63 3.64 0.36 96.36 4.01 0.00
Ag-S 97.13 2.31 0.56 97.69 2.30 0.00
Au-S 89.60 3.46 0.53 96.54 9.87 0.00Downloaded 15 Apr 2010 to 130.34.135.83. Redistribution subject toatom cluster. These geometries are consistent with the results
available for thiol-passivated gold clusters using the CPMD
method.24
In order to further understand the interactions of the ter-
minal sulfur atoms with the group-11 metals we have opti-
mized the geometries and electronic structures of the
Au3SH, Ag3SH, and Cu3SH molecules. In all cases we have
assumed that the mercapto group (uSH) is attached to the
trimer cluster at the top position. The results are listed in
Table III. It is seen that the M-S and M-M interatomic dis-
tances are similar to those of the metal-molecular diode com-
plex. The change in the angle at the S site ~,M-S-C or
M-S-H! is attributed to H atom replacement by a ring C atom
in the molecular wire. Similarities between the metal-
molecule complex and the metal-mercapto interface indicate
that the bonding is localized along the metal-sulfur bonds.
D. Metal-molecule interaction: Natural bond orbital
analysis
In order to understand the interactions between the
metal-molecule interfaces we have carried out natural bond
orbital analysis.27 The resulting charge distributions are pre-
sented in Table IV. It is found that while bonding with the Cu
and Ag atoms results in a charge transfer of ;0.4 electrons
of charge to the sulfur, bonding with the Au atom results in a
transfer of only 0.17. The difference in the charge transfer
between the Cu, Ag, and Au atoms can be attributed to the
nature of their electronic configurations. The electronic con-
figurations of the Cu, Ag, and Au atoms are 3d104s1,
4d105s1, and 5d106s1, respectively. It is found from Paul-
ing’s electronegativity scale that the Au atom has higher
electronegativity ~2.54! than Cu ~1.90! or Ag ~1.93!. In fact
the electronegativity of the Au atom is comparable with that
of sulfur ~2.58!. From the ionization potential values it is
also found that more energy is required to eject one electron
from Au ~9.22 eV! than from Ag ~7.57 eV! or Cu ~7.72 eV!.
It is known that the effect of relativistic corrections tends
to lower the energies of atomic s and p orbitals while raising
the energy of the d orbitals.28 This results in the gold 6s
orbital having a lower energy than the silver 5s . Further-
more, the spread in energies of the valence atomic orbitals
for Ag (5s ,4d ,5p) is larger than for Au (6s ,5d ,5p). There-
fore, it is expected that hybridization of the s and d orbitals
of Au should occur more readily than for either Ag or Cu.
This can be seen from the natural bond orbital analysis of the
metal-sulfur bonds shown in Table V. While for the Au-STABLE VI. HOMO and LUMO levels ~in eV! for the free molecule and the molecule with single metal atoms
attached at one or both ends.
HOMO LUMO LUMO11 LUMO12 LUMO13 LUMO14
HSWSH 25.87 22.83 22.22 21.17
CuSWSH 25.81 22.97 22.77 22.09 21.04
AgSWSH 25.79 23.23 22.76 22.08 21.03
AuSWSH 26.00 23.72 22.88 22.25 21.20
CuSWSCu 25.68 22.95 22.88 22.64 22.00 20.91
AgSWSAg 25.67 23.22 23.11 22.65 21.98 20.89
AuSWSAu 26.15 23.75 23.65 22.91 22.29 21.23 AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
7673J. Chem. Phys., Vol. 117, No. 16, 22 October 2002 Molecular diode with metalsFIG. 2. ~Color! Orientations of the
HOMO and LUMO1K orbitals for
the free molecule and the molecular
diode attached with two Au atoms
each at one end.bonds the d-orbital contribution is ;10%, the d-orbital con-
tribution from Ag and Cu is only ;2.4%. Moreover, due to
relativistic effects, the spatial extent of the Ag 5s orbital is
larger than that of the Au 6s orbital. This is evident from the
longer Ag-S bonds compared with Au-S in the metal-
molecule complexes.
E. Understanding electron conduction through
molecular orbital orientation
The molecular diode discussed in this paper has been
demonstrated to show resonant tunneling with negative dif-
ferential resistance. In this section we discuss the electron
transport qualitatively from the spatial orientations of the
molecular orbitals. It is assumed that for a conjugated mo-
lecular wire, the lowest unoccupied orbital that spans the
length of the molecule is responsible for the electron trans-
port or allowing the highest molecular admittance of incom-
ing electrons. In other words, these orbitals can be termedDownloaded 15 Apr 2010 to 130.34.135.83. Redistribution subject toconduction MO’s. When an electrode is attached to a finite-
sized molecule the chemical potential of the whole metal-
molecule complex could be assumed to align with the Fermi
energy (E f) of the corresponding metal. In fact, when we
compare the HOMO levels from Table I with those from
Table II, we can see that the levels tend to go slowly towards
E f with increasing cluster size. Therefore, as a first approxi-
mation the threshold for conduction can be calculated from
the difference between the HOMO energy and the conduc-
tion MO’s.
Table VI summarizes the HOMO and LUMO1K ~K val-
ues are taken up to the conduction MO! energy values with
and without metal atoms attached. For the free molecule, the
LUMO and LUMO11 orbitals are localized on the two phe-
nyl rings and LUMO12 is delocalized over the molecule.
When one metal atom is attached, the LUMO12 orbital of
the free molecule resembles the LUMO13 of the metal
complex due to the localization of the LUMO on the metal AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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one end the conduction LUMO shifts one level up to
LUMO14. It is clear from this table that though the LUMO
levels of the molecular diode are scarcely affected by the
addition of Au, the effect is more significant in the cases of
Cu and Ag. This is due to the larger charge transfer from Cu
and Ag. These results further corroborate the charge distri-
bution and NBO analyses. Figure 2 shows the orientations of
the HOMO and LUMO1K orbitals for the free molecule
and the molecular diode attached with two Au atoms each at
one end. It is clear from this figure that the conduction MO
of the free molecule shifts upwards as the metal atoms are
attached. However, most interestingly, the energy of the
LUMO1K level itself does not change significantly, thereby
indicating that the metal-molecule interaction is localized to
the interfacial region.
Similar features are observed when three metal atoms
are added, except the HOMO energy levels shift towards the
bulk Fermi energies and thereby reduce the threshold energy
for conduction as compared with those of the single metal
atoms. The variations in the conduction threshold are listed
in Table VII. The increase in the threshold energy for the Au
metal atoms is due to the alignment of the HOMO level with
that of the 6s orbital which lies significantly lower ~26.74
eV! than the molecular HOMO level ~25.89 eV!. From this
table it is clear that as we go from single metal atoms to
three-atom clusters the energy difference decreases. There-
fore, we can expect that for a bulk electrode the energy dif-
ference would be much less than the present single- and
three-atom clusters.
IV. CONCLUSION
Density functional theory ~DFT! studies have been car-
ried out to understand the interactions between a thiol-
terminated molecular diode and metal clusters comprised of
group-11 metal atoms ~Cu, Ag, and Au!. The conclusions
drawn from the calculated results are listed below.
~i! While the addition of the Au atom to the molecule
lowers the HOMO energy level, the Cu and Ag atoms have
the opposite effect.
~ii! The HOMO levels of the metal-molecule complexes
tend towards the bulk Fermi levels as the number of metal
atoms increases from 1 to 3.
~iii! The bonding at the metal-molecule interface is
strongly directional with a preferential angle of 102°–104°
for all three metal atoms.
TABLE VII. Estimated threshold energy @(LUMO1K)2HOMO# for the
conduction in the M n-molecule complexes (M5Cu, Ag, and Au!. The cor-
responding energy difference between LUMO12 and HOMO for the free
molecule is 4.77 eV.
M5Cu M5Ag M5Au K
MSWSH 4.77 4.76 4.80 3
MSWSM 4.77 4.78 4.92 4
M3SWSH 4.39 4.40 4.63 5
M3SWSM3 4.37 4.39 4.64 8Downloaded 15 Apr 2010 to 130.34.135.83. Redistribution subject to~iv! The results from natural bond orbital analysis sug-
gest that the d-orbital contribution is greater for the Au-S
bond than for Cu-S and Ag-S bonds.
~v! The charge transfer analysis shows that while bond-
ing with Cu and Ag result in a charge transfer of 0.40e to the
terminal sulfur, the value is only 0.17e for bonding with Au.
~vi! Analysis of the electronic structure and molecular
orbitals suggests that the inclusion of metal atoms shifts the
energy levels of the free molecule upwards; however, the
conduction MO’s of the molecule are not significantly af-
fected. The LUMO levels of the free molecule are nearly
unchanged by Au, while the change is greater in the cases of
Cu and Ag.
~vii! The threshold energy for conduction is higher for
Au than for Cu and Ag.
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